The elfects of various nitrogen sources and of the cultivation time on the biosynthesis of '5N-labelled azoverdin were studied in batch cultures of Azomonas macrocytogenes ATCC 12334. Growth for 48 h in the presence of ammonium sulfate (0.2 g/liter) resulted in 95% labelling of azoverdin with l5N. A growth-related synthesis of azoverdin, under both nitrogen-fixing and ammonium-assimilating conditions, was observed.
resonance techniques including 15N nuclear magnetic resonance spectroscopy, large amounts of 15N-labelled azoverdin were necessary. Therefore, the influence of the nitrogen sources on the expected labelling and yield of azoverdin, studied with unlabelled nitrogen sources, is reported here.
A. macrocytogenes ATCC 12334 was grown on iron-free Burk's medium supplemented with 10 g of mannitol, 0.2 g of (NH4)2SO4 (42.4 mg of N), and 2 mg of Na2MoO4, unless stated otherwise.
The following protocol was used to carry out batch cultures. Precultures (50 ml each), inoculated with bacteria from slants, were cultivated for 48 h at 28°C in an orbital incubator (200 rpm). These precultures were diluted 50 times either into 150 ml of fresh medium in 1,000-ml flasks (under identical conditions) or into 1.5 liters of medium in a laboratory fermentor (stirring at 400 rpm; aeration maintained at 1.5 liters of air per min). All the parts of the fermentor which came into contact with the culture were made of glass and washed with acid to minimize the amount of contaminating iron.
Cell concentrations were monitored by measuring the A600 of the culture. The total amount of azoverdin (E380) produced during the cell growth was determined from the E380 of the culture supernatant after dilution of the sample with an equal * Corresponding author. Phone and fax: (42) 2477021. volume of 1.0 M acetate buffer (pH 5.0). The concentration of azoverdin was deduced by using the molar absorption coefficient (16,500 M`cm-1) previously determined for iron-free azoverdin at pH 5.0 (7). The dissolved oxygen concentration (DOC) was measured in the culture by means of an oxygen electrode.
While ammonium acetate is routinely used as an inorganic source of nitrogen for A. macrocytogenes (4) , ammonium sulfate has been reported to be the best inorganic nitrogen source for pyoverdin production by Pseudomonas aeruginosa in liquid cultures (3) . The effects of both salts at various concentrations on azoverdin production were studied in 150-ml small-scale cultures in mannitol-supplemented medium (Table  1) . After 48 h of culture growth, the production of azoverdin reached a maximum even in the cultures supplemented with the highest concentration of the source of nitrogen. With the lowest concentration of ammonium sulfate (0.1 g/liter), a two-phase growth curve was observed (data not shown): the initial fast growth (specific growth rate [,u], ca. 0.1/h) was followed after 25 h by a phase of slow growth (,u, ca. 0.02/h). This growth pattern can reflect a stepwise utilization of nitrogen, first from ammonium ions and then from atmospheric nitrogen.
To distinguish between the ammonium-assimilating and the nitrogen-fixing growth in the medium with the lowest concentration of ammonium sulfate, the strain was cultivated for 120 h in a laboratory fermentor in the presence of added ammonium sulfate (0.1 g/liter) or in its absence (nitrogen-fixing growth conditions). In both cases, a two-phase pattern of growth was repeatedly observed (Fig. 1 ). In the ammonium sulfate-supplemented medium, the phase of fast growth (20 h; biomass concentration up to A600 = 0.7) and the phase of much slower growth were separated by a 25-h lag. Under nitrogen-fixing conditions, the initial fast-growth phase was shorter and probably corresponded to the time necessary for the cell to switch its metabolism from ammonium assimilation (resulting from contamination by the inoculum) to atmospheric-nitrogen fixation. Figure 1 shows that after 50 h of growth, azoverdin production in ammonium-supplemented culture follows practically the same pattern as in the nitrogen-fixing culture. The changes in pH over the time course of the experiment in the two cultures are similar.
From the results shown in Table 1 and Fig. 1 , it was concluded that (i) both ammonium salt concentration and culture duration are important factors influencing the yield of siderophore when ammonium is the only source of nitrogen, APPL. ENVIRON. MICROBIOL. Therefore, the growth of a culture ofA. macrocytogenes was monitored in the medium supplemented with ammonium sulfate (0.2 g/liter = 42.4 mg of N per liter) in the laboratory fermentor for 80 h (Fig. 2) . A parallel experiment in which ammonium acetate (1.1 g/liter = 200 mg of N per liter) replaced ammonium sulfate (Fig. 3) was carried out for comparison with data in the literature (4) .
Since the DOC in the culture medium is another important factor influencing the kinetics of the culture growth and the yield of azoverdin, the availability of the dissolved oxygen was also monitored.
The specific growth rate determined in both cultures during the first 20 h of growth was the same (0.125/h). After this period (in both cultures), the growth gradually ceased and, simultaneously, the production of siderophore kept increasing. The time course of DOC indicated that for both cultures, the growth was not limited by the availability of oxygen (e.g., the sufficiently high residual concentration of dissolved oxygen and the low total concentration of the biomass in the fermentor).
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The increase of the DOC in the ammonium sulfate-supplemented culture after about 50 h indicated the cessation of culture growth. Since a rather high residual concentration of mannitol (7 g/liter) and a low concentration of ammonium ions (45 mg/liter) were found in the culture medium at the corresponding time, ammonium sulfate could be the growth-limiting nutrient. This conclusion can also explain the much higher concentration of biomass found in the ammonium acetatesupplemented culture, which contained five times more nitro- Figures 2 and 3 show that azoverdin is synthesized during the exponential and declining phases of growth. Once the growth has stopped (indicated by an increase in DOC) the production of azoverdin also stops, as is the case for P. aeruginosa producing structurally related pyoverdins, in spite of the carbon-sufficient growth conditions (5) .
From the data given in Fig. 2 we concluded that in spite of the presence of a carbon and energy source in the culture medium after 50 h of growth, no nitrogen is fixed by the bacteria in the period which follows. The 
